ABSTRACT. The shortened life span of neonatal red blood cells (RBC) is associated with accelerated membrane loss. The present study was designed to measure the critical shear force that causes membrane failure and the rate of membrane failure for neonatal and adult RBC. A micropipette technique was used to determine the membrane extensional (shear) elastic modulus (i.e. resistance of the membrane to extensional elastic deformation), the rate of extensional membrane deformation (i.e. surface viscosity), and the tension for local membrane fragmentation. A flow channel system was used to determine the critical shear force of plastic membrane deformation (i.e. beginning of membrane tether formation), the rate of plastic deformation, and the plastic shear viscosity coefficient. The extensional elastic modulus of neonatal RBC was 18% smaller and the rate of elastic deformation was 25% longer compared with adult cells ( p < 0.05). Membrane surface viscosity was similar for both cell types. The tension for local membrane fragmentation in the micropipette was 23% lower in neonates than in adults. However, the strain (i.e. extent of membrane deformation calculated as ratio of the stress resultant and the elastic modulus) at which membrane rupture in the micropipette occurred was similar for neonatal and adult RBC. This indicates that the smaller critical tension for neonatal RBC membrane failure was due to increased membrane elastic deformability. The critical shear force for membrane tether formation in the flow channel was similar for neonatal and adult RBC (1.17 f 0.13 vs 1.19 f 0.21 % dyne, p > 0.1), whereas the tether growth was about two times faster and the plastic viscosity coefficient was 50% less for neonatal RBC compared with adult cells. These results indicate that the critical force for membrane failure is similar for neonatal and adult RBC if the increased membrane deformability of neonatal RBC is considered. However, once the membrane begins to fail, neonatal RBC appear to lose more membrane per unit time. (Pediatr Res 32: 92-96, 1992) Abbreviations RBC, red blood cell
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Neonatal RBC show an accelerated loss in volume, surface area, and deformability compared with adult RBC (5, 6). Early damage and shortened life span of neonatal RBC may be explained by several peculiar RBC properties: I ) rapid decline of intraerythrocytic enzyme activities and the ATP level (7, 8) ; 2) increased susceptibility of membrane lipids and proteins and of Hb to peroxidation (9, 10); 3) loss of membrane surface area by endocytosis and internalization of membrane lipids (6, 11) ; and 4) increased mechanical fragility of neonatal RBC (12) (13) (14) . Increased mechanical fragility of neonatal RBC has been shown by subjecting cell suspensions to extremely high shear forces using glass beads (12, 13) and an ultrasound technique (14) . However, mechanical fragility studied by these techniques increases with increasing RBC membrane elasticity and with decreasing cell density (14) ; neonatal RBC show both increased membrane elasticity (1 5) and decreased cell density (1 6, 17) compared to adults. Mechanical rupture and fragmentation of RBC membrane is principally a result of extreme elastic membrane deformation. The RBC membrane deforms in response to a deforming force until the yield point of the membrane material is reached. Beyond this point, additional deforming forces result in irreversible plastic deformation of the membrane. Membrane deformation and fragmentation can be characterized by several mechanical material properties (1 8, 19): I ) the shear (extensional) elastic modulus defines the resistance of the membrane to elastic (i.e. reversible) deformation; 2) the shear (surface) viscosity describes the rate (i.e. time-dependency) of elastic membrane deformation; 3) the critical shear force defines the deforming shear force that causes plastic deformation (i.e. membrane failure); and 4) the plastic viscosity coefficient characterizes the rate of membrane failure.
The present investigation was designed to study membrane fragility of individual neonatal and adult RBC using two microscopic techniques: I ) A micropipette technique was used to determine the membrane shear elastic modulus, the shear viscosity, and the critical tension for local fragmentation of the same cell; and 2) a flow channel system was used to determine the critical shear force of plastic membrane deformation (i.e. beginning of membrane tether formation) and the plastic viscosity coefficient.
MATERIALS AND METHODS
Blood samples and RBCpreparation. Placental blood samples from 16 newborn infants were studied with the approval of the Department of Pediatrics Human Subjects Research Committee. They were healthy, full-term infants with gestational ages of 38 to 40 wk and birth weights of 3210 to 3640 g. Infants with malformations, erythroblastosis, diabetic mothers, hemorrhage, or cesarean section were excluded, as were twins and infants with proven infection or high risk of infection. The umbilical artery pH was above 7.25, the 1-min Apgar score was 9, and the 2-and 5-min Apgar scores were 10 in all cases. All infants had birth weights appropriate for gestational age (10th-90th percentile according to Munich charts) (20) . Blood (5-10 mL) was collected from the placenta into EDTA (approximately 1 mg/mL) imme-T, is related to the pressure drop A P: diately after cord clamping before delivery of the placenta. Adult blood samples (10 EL) were collected from 15 healthy male and venous blood from five male adults was used for the flow The shear force (F,) acting on the cells attached to the channel channel measurements; 10 neonatal and 10 adult blood samples wall was calculated from T, and the projected area of the cell were collected for the micropipette studies.
Blood samples were stored on ice during the transport to the (AD):
laboratory. All measurements were made at room temperature The tether growth rate (RT, pm/s) is assessed by taining 1 g /~ human serum albumin (~~h r i~~, ~~~b~~~, G~~-measuring the velocity by which the cell moves away from its many) was used as suspending medium for RBC (final hemato-attachment site. For each cell the tether growth rate RT Was crit 0.01-0.02). All solutions were filtered through 0.2 pm Ster-plotted against the shear force. The tether growth rate increases ivex filters (Millipore Corp., Bedford, MA) before use.
exponentially with increasing shear force (Fig. 1 ). The value of ~l~~ channel. we determined the critical shear force (F,) and the critical shear force, F, (i.e. the shear force at which tether the plastic viscosity coefficient (aP) in a parallel-plate flow &an-formation just begins), was determined from a 2nd order exporiel system that consists of the flow channel, an inverted micro-nential relationship established by least squares regression. scope (~~i t z ~i~~~~, wetzlar, G~~~~~) , a ~~~~~d variable
The plastic viscosity coefficient (TIP) was calculated from the speed DC infusion pump (Harvard Apparatus Co., Inc., Millis, (23, 24) : MA), and a video system. The Harvard pump was used to pump
PBS solution through the flow channel via a gas-tight precision syringe (Hamilton, Bonadenz, Switzerland). The pressure drop where Gt is a dimensionless tether growth parameter (23) ET AL. a function of the ratio of F, to F,. The value of Gt is 0, 3.5, 10.3, and 18.6 when F,/F, is 1, 2, 3, and 4, respectively (23, 24) .
In one filling of the flow channel, only the cells under continuous observation can be studied because tethers may be pulled from all point-attached RBC, thereby changing their membrane mechanical properties. Therefore, only three to six cells from each blood sample could be studied, resulting in a total number of 24 neonatal and 20 adult RBC available for final analysis.
Micropipette system. A micropipette and microscope-video system were used to determine the membrane extensional elastic modulus, membrane shear viscosity, and the tension for local membrane fragmentation of the same RBC (2, 25) . The microscope video system was that used for the flow channel. Details of the production and handling of micropipettes with inner diameters of 1.4-1.6 pm (26) and the RBC preparation (1 5) have been described previously. One neonatal and one adult blood sample were studied on the same day, using the same micropipette; 28 to 33 RBC were tested in each sample.
The time constant for extensional shape recovery was measured and analyzed by the method of Hochmuth et al. (27) . The pipette was used to extend (overall extension ratio of approximately 1.6) and quickly release point-attached RBC. From video recordings of the recovery process, the cell length-width ratio was measured at the first data point after releasing the cell and then every 1/50 for 20 fields. The time constant was calculated as previously described (1 5).
The extensional elastic modulus and tension for local fragmentation were then studied after the extended cell had recovered its initial shape. The cell was detached from the coverslip, and a small membrane tongue was aspirated into the pipette from a flat portion of the cell surface (1 8, 25). The pipette pressure was increased in 1-mm H 2 0 (98 dyne/cm2) steps, and each pressure was held for periods of 10 s. The pressure was increased until the membrane tongue ruptured (Fig. 2) . The length of the membrane tongue (LT) in the pipette was measured at each pressure (P) from video recordings. The extensional (shear) elastic modulus (pe) was calculated from a linear relationship that exists between LT/R, (R, = pipette radius) and P -Rp over an L / R , range of approximately 1 to 3 (25) . Therefore, a linear approximation (3) to the theory developed by Evans and LaCelle (18) for analysis of this system was used:
For a given pipette radius, pe defines the pressure required to produce a defined membrane tongue length. In other words, pe determines RBC membrane deformation in response to a given force. A small pe indicates little resistance to deformation and high membrane flexibility. The membrane viscosity was calculated as the product of the time constant for extensional shape recovery and the extensional elastic modulus (27) .
The stress resultant (Ts) in the cylindrical section of the aspirated membrane tongue is (25): erythrocyte tip of the pipette where A,,, is the surface area of cap of the aspirated membrane tongue and ACyI is the surface area of the cylinder portion (Fig.  2) .
TS at the yield point of the membrane was used as the tension for local fragmentation (TF). TF depends on both the extent of elastic membrane deformation and the stability of the membrane (25) . Since pe indicates membrane deformation at a given pressure, the effect of elastic membrane deformation can be minimized by calculating the dimensionless ratio TF/pe (25) . TF/pe is proportional to A,, which represents the extent of membrane deformation in the pipette. It is, therefore, a measure for the strain in the membrane.
Statistical analyses. Arithmetic means and SD were calculated for all RBC tested in each group. Thus, the SD reflect the spread of the individual RBC in each group and not of the donors. Differences between neonatal and adult RBC were tested using the nonparametric, unpaired Wilcoxon rank sum test. Regressions were calculated to determine correlations between two parameters measured for the same RBC. Both linear and exponential functions were computed for each relationship. The functions that gave the best fits and highest correlation coefficients were selected. Differences between the slopes for neonatal and adult RBC were tested using a t test. Table 1 presents viscoelastic and viscoplastic material properties of neonatal and adult RBC membranes. The extensional elastic modulus of neonatal RBC was decreased compared with that of adult RBC, thereby indicating increased elastic deformability of RBC membrane in neonates. The membrane extensional viscosity was similar for both cell types.
RESULTS
The tension for local fragmentation was 23% lower in neonates than in adults. Thus, in a pipette with given dimensions, the aspiration pressure at which the RBC membrane ruptured was 23% less for neonates than for adults. However, the ratio of tension for local fragmentation to extensional (shear) elastic modulus (i.e. the strain in the membrane at the yield point) was only slightly increased for neonatal RBC ( p > 0.1). There were significant positive correlations between tension for local fragmentation and extensional (shear) elastic modulus for neonatal (r = 0.68) and adult (r = 0.57) RBC. The slopes for neonatal and adult RBC were not significantly different.
Membrane tether growth rates obtained for the neonatal and adult RBC over a wide range of shear forces are shown in Figure  1 . Tether growth rate of neonatal RBC increased more with increasing shear force than that of adult cells ( p < 0.05). The mean critical shear force was not different for both cell types. The critical wall shear stress (computed as the ratio of critical shear force and RBC surface area; see Materials and Methods) averaged 1.95 dyne/cm2 for neonatal RBC and 2.38 dyne/cm2 for adult cells. This indicates that RBC membrane fragmentation of neonatal and adult RBC begins at similar shear forces, but that neonatal RBC membranes rupture more rapidly once the critical shear force is exceeded. The mean plastic viscosity coefficient calculated from the critical shear force and the tether growth rate was 50% less in the neonates than in adults (Table  I) . Plastic viscosity coefficients ranged from 0.74 to 1.4 1 x dyne . s/cm in the neonates and from 1.56 to 2.33 x dyneslcm in the adults. DISCUSSION We have assessed RBC membrane failure by means of a flow channel and a micropipette system. The critical shear force of membrane failure (i.e. beginning of tether formation) in the flow channel was similar for neonatal and adult RBC, whereas in the $ TF//.L~, ratio of tension for local fragmentation to extensional elastic modulus. $ Data from 24 RBC of six neonates and 20 RBC of five healthy male adults.
micropipette membrane failure of neonatal RBC occurred at smaller shear forces compared with adult RBC. The apparent discrepancy of these results can be explained by different effects of the applied forces on the membrane material, which depend on the resulting strain in the membrane. The strain cannot be directly measured; it can only be estimated from the extent of membrane deformation (I 8, 19) . In the micropipette, the RBC membrane deforms markedly before it ruptures. Because of the smaller extensional elastic modulus, the membrane of neonatal RBC deforms more in response to a given force than that of adult RBC. This explains why the membrane tongue length in the pipette was about 7 pm at the yield point for both neonatal and adult RBC although the critical aspiration pressure was lower for neonatal cells. Thus, the membrane of neonatal and adult RBC ruptured at different pressures but at similar extents of membrane deformation (i.e. at similar strains).
In the flow channel, the yield point is defined as the critical shear force at which a membrane tether begins to form. Tether formation results from the failure of a tiny membrane area without fragmentation of the membrane. The critical shear force is independent of membrane deformation (27) , because the strain depends only on the force acting on the attached membrane point. We therefore conclude that both the flow channel and the micropipette results indicate similar mechanical stability of neonatal and adult RBC when the different elastic membrane deformabilities are considered for the micropipette experiments.
The flow channel experiments also showed that the tether formation of neonatal RBC membrane develops two times faster compared to adult RBC. This is reflected by the markedly lower plastic viscosity coefficient of neonatal RBC (Table 1) .
The mechanical membrane properties are mainly determined by the membrane protein skeleton (28) . The membrane skeleton consists of spectrin, actin, tropomyosin, and proteins 4.1 and 4.9. Membrane stability appears to be mainly influenced by the spectrin self-association and by interactions between spectrin, actin, and band 4.1 (28). Waugh and Agre (29) showed that RBC membrane shear elasticity in hereditary spherocytosis depends on the surface density of spectrin in the cell membrane. Molecular defects in a stress-supporting region of the membrane were found to reduce the critical force for membrane failure, whereas specific molecular defects do not appear to affect the plastic membrane viscosity coefficient (30) . Our results indicate that the structural peculiarities leading to alterations in the membrane mechanics of neonatal RBC are different from those in hereditary spherocytosis, inasmuch as neonatal RBC showed no significant reduction in the critical shear force (Table 1) neonatal RBC ghosts and concluded that the spectrin lattice is more tightly linked in resealed membranes when compared with adult RBC. Stability of intact RBC membrane may be influenced by intracellular components that regulate protein interactions in the membrane. In particular, 2,3-diphosphoglycerate may dissociate spectrin-actin-protein 4.1 complexes, thereby decreasing membrane stability (28) . However, in neonates, intraerythrocytic 2,3-diphosphoglycerate is markedly lower than in adults (35) . Recently, the contribution of the band 3-ankyrin interaction to RBC membrane mechanical stability of normal human RBC was described (36) . Similar studies have not been done on neonatal RBC.
The question arises whether the models and shear forces used in our study are comparable to in vivo conditions. In vivo, the wall shear stress (i.e. the greatest shear stress in a vessel) reaches its maximum (approximately 100 dyne/cm2) in capillaries (37) . Hemolysis of freely flowing RBC requires a shear stress of 1500 to 2500 dyne/cm2 (38) . Lower shear stresses for membrane rupture are necessary when the exposure time to the shear forces is prolonged (39) because of cell trapping and sticking. The micropipette method provides a model for RBC trapping in capillaries. The flow channel can be regarded as a model for RBC sticking to endothelium. Membrane rupture in the micropipette occurred at a shear stress of about 100 dyne/cm2. Point-attached RBC (flow channel) yielded at a shear stress of approximately 2 dyne/cm2. The extremely low critical yield shear stress in the flow channel may be explained by the small attachment area of the cells (39) . Because the wall shear stress in capillaries reaches the yield shear stress in micropipettes and exceeds the critical shear stress for point-attached RBC, we believe that our methods provide reasonable models for in vivo RBC fragmentation.
We conclude that the membrane of neonatal RBC deforms more in response to a given shear force than does that of adult RBC. This results in larger strain and greater susceptibility of the neonatal RBC membrane to yield and fragment. Moreover, the faster tether growth suggests that neonatal RBC lose more membrane per unit time once the yield shear force has been exceeded. These peculiar membrane mechanical properties of neonatal RBC may contribute to their accelerated membrane loss (6) and shortened life span (1).
